Physical activity is known to enhance the mechanical competence of weight-bearing bones, and it is also effective for the prevention of osteoporosis. However, little information is available regarding the optimum exercise and intensity of load to weight-bearing bones as well as about a precise system to monitor the intensity of physical activity. To measure the precise load to weight-bearing bones of exercise as a first step, this study is to evaluate the sampling conditions of data acquisition and develop an accelerometer-based physical activity monitoring and its intensity analysis system. Through a simulation experiment, we found that 1k Hz of sampling rate is possible to achieve a measurement error of less than 2%. With the optimum sampling rate of 1k Hz, we developed an accelerometer-based activity-monitoring system. We then assessed the magnitude of acceleration at the shank, knee, and lumber in healthy subjects (n=19) as they descended stairs. A correlation analysis of the precise acceleration values in three points of the body showed that our system could accurately identify the shock absorptive function of lower extremities. Therefore, we strongly believe that our system, with the optimum sampling rate of 1k Hz, produced an accurate measurement of loads acting on weight-bearing bones.
Introduction
Bone is not a stationary tissue even in an adult body, and continuous remodeling of bone has been performed to fit the level of daily mechanical loading (Frost, 1987) . Evidences demonstrating the importance of loads to bone come from immobilization, bed rest, and space flight (Krølner and Toft, 1983; Whedon, 1984; Vico et al., 1993) . Therefore, from the young to the elderly, the beneficial effects of mechanical loading on bone are well known. In the young, high-impact exercise has positive effects on bone enhancement of the peak bone mass reached (Mosley et al., 1997; Courteix et al., 1998; Nordström et al., 1998; Judex and Zernicke, 2000) . In middleaged populations, high-impact exercise has provided encouraging data by reducing age-and menopauserelated bone loss (Wolff et al., 1999; Kontulainen et al., 2004; Borer et al., 2007) . Finally, in the elderly, physical activity has demonstrated a decrement of the incidence of falls and fractures (Campbell et al., 1997; Gregg et al., 2000) .
There is strong experimental and clinical evidence that the osteogenic response of bone to mechanical stimuli is threshold-driven (Mosley et al., 1997; Courteix et al., 1998; Nordström et al., 1998; Wolff et al., 1999; Hsieh et al., 2001; Judex and Zernicke, 2000; Kontulainen et al., 2004; Borer et al., 2007) . Therefore, it is very important to measure the load to weight-bearing bones of exercise precisely and investigate the quantitative threshold level of an osteogenic response.
I n a c t i v i t y p a t t e r n -m o n i t o r i n g s t u d i e s , s o f a r, acceleration monitoring has been performed with a s a m p l i n g r a t e b e l o w 4 0 H z b e c a u s e l o n g -t e r m measurements were being conducted (Pfeiffer et al., 2006; Davis et al., 2006; Baquet et al., 2007; Godfrey et al., 2007) . Gait analyses have been conducted with a relatively high sampling rate of 200 or 250 Hz (Kavanagh et al., 2006; Nyan et al., 2006) . Vibration analyses of the soft tissue of the leg initiated by the impact of heeltoe running have been conducted with the highest sampling rate of 2400 Hz (Boyer and Nigg, 2006) . However, information about the optimum sampling rate, which is necessary for the measurement of precise loading to bone, including high-impact exercise, remains unclear. Thus, in the present study, we investigated the optimum condition for the data acquisition of intensity of activity, including high-impact exercise, and developed an accelerometer-based activity-monitoring system using an optimum sampling condition. The system was subsequently evaluated through the measurement and analysis of the magnitude of acceleration at the distal (shank and knee) and proximal (lumber) points of the body using healthy subjects (n=19) going down the stairs.
recruited. Each subject provided written informed consent prior to participation in this study, which was approved by the Kanazawa University Human Research Ethics Committee.
Investigation of the optimum sampling rate under a simulation experiment
A monitoring system (Fig. 1A ) that can record impactacceleration through the simulation of a free-fall and collision experiment was developed. It consists of an electromagnet, a clay pad of 1cm thickness, a single axis accelerometer, a charge amplifier (Yamaichi Electronics Yamco 110B, Japan), an acrylic resin column with an iron handle, a 16-bit A/D converter (Contec ADA16-32/2(CB) F, Japan), and a personal computer (PC) (Purpose model 6020, Taiwan). The free-fall and collision experiment was designed to simulate a foot striking the ground. An acrylic resin column with an accelerometer attached to its top was used (Fig. 1B) . A clay pad was used as cushioning material, simulating the soft tissue of the heel, to decrease the excess impact of the collision. In the freefall and collision experiment, we lifted up the acrylic resin column 2cm off the clay pad using an electromagnet and released it. The loading acceleration signal of the free-fall and collision experiment was amplified with a charge amplifier and transmitted to the PC via a 16-bit A/D converter board. Using software (LaBDAQ2000, Matsuyama Advan, Ehime, Japan), the analog data was converted to digital data and recorded in the PC. In this digital data acquisition process, we investigated the effect of five different sampling rates (100, 200, 500, 1k, and 2k Hz) on the amplitudes of the recorded impactacceleration-signal (Fig. 1C) in the PC.
Accelerometer-based physical activity-monitoring system
Our accelerometer-based physical activity-monitoring system consisted of three triaxial accelerometers (Microstone, MA3, Japan), a 16-bit A/D converter board (CONTEC ADA16-32/2(CB)F, Japan), and a notebook PC (SHARP PC-MM1-H5W, Japan) to assess the magnitude of acceleration at the shank, knee, and lumber (Fig. 2) . The sensing ranges of the three triaxial accelerometers were ±20G (MA3-20Ac), ±10G (MA3-10Ac), and ±4G (MA3-04Ac), and these accelerometers were set at the shank, knee (distal femur), and lumber, respectively. Here, 1G means 1×9.8 m/s 2 . Three of the triaxial sensing axes were used to measure linear acceleration along the vertical (VT) or body axis, the anterior-posterior (AP) axis, and the mediolateral (ML) axis, corresponding to the global VT, AP, and ML axes in the anatomical upright position, respectively.
Evaluation of the accelerometer-based activitymonitoring and analysis system
Each accelerometer node was attached firmly to the left shank (3 cm proximal to the lateral malleolus) and the left knee (the lateral aspect of the thigh of 2 cm proximal to the lateral epicondyle of the femur) with sport gear, as well as to the lumber (L3 spinous process) with a support belt. Using our system, we performed a preliminary study with 19 subjects to estimate the − 79 − acceleration levels during the activity of descending stairs. We required these subjects to descend the stairs at the pace of 1.5 Hz, as synchronized with the sound of a digital metronome (SEIKO DM50, Japan). The stairway consisted of 25 steps, and the slope of the steps was 20 degrees. The triaxial acceleration signals from each portion were digitized with the optimum sampling rate of 1 kHz per channel. For each experimental trial, 20 consecutive steps were selected. Then, using the software (Matsuyama Advan LaBDAQ2000, Ehime, Japan), we measured each channel acceleration signal as the peak acceleration signal when the impact signals were obtained immediately after heel contact. In the VT axis, the acceleration of gravity (1G) was subtracted from the observed acceleration value; thus, a vertical value of zero indicates the statical standing.
Statistical analysis
Values are expressed as the means ± standard deviation (SD). A regression analysis of the acceleration intensity in each corresponding direction between the ankle, the knee, and the waist was performed. The statistical significance among the groups of pairwise comparisons was assessed using a one-way ANOVA followed by a Tukey's test. The significance level for all statistical tests was set at 0.05.
Results

Effect of the sampling rate on data acquisition
The representative plots of the impact accelerations of the free-fall and collision simulation experiment are shown in Fig. 3 . No impact acceleration trace was found in the plots with a sampling rate of 100 Hz ( Fig. 3 (E) ). The data logger was shouldered to the subject's back, and the accelerometer nodes were fixed firmly on the body surface with medical and sport gear at the L3 spinous process (lumber), 2 cm proximal to the lateral epicondyle of the left femur (knee), and 3 cm proximal to the left lateral malleolus (shank). Hz. In the case of (E) 100 Hz, there is no trace of impact acceleration in the observed record. The amplitudes of recorded impact acceleration ((E) to (B)) increased with an increment of the sampling rate in the range of 100 to 1k Hz. However, when the sampling rate was increased to 1k Hz or more ((B) and (A)), the amplitude did not change significantly. The amplitudes of recorded impact acceleration were then increased with an increment of the sampling rate in the range of 100 to 1k Hz ( Fig. 3 (E) to (B)). However, when the sampling rate was increased to 1k Hz or more, the amplitude did not change significantly ( Fig. 3 (A) , (B) (Fig. 4) .
Acceleration measurement using a 1k Hz-sampling rate
A schematic diagram of the accelerometer sensor setup and representative records of acceleration along the vertical (VT), anterior-posterior (AP), and mediolateral − 81 − (ML) axes in each location are shown in Fig. 5A . During the exercise of descending at the stairs, the observed peak acceleration values (corresponding maximum value) in the AP, ML, and VT directions at the shank were 17.3±3.9G (28.3G), 8.7±2.9G (12.7G), and 7.4±1.8G (12.6G), respectively. The observed peak acceleration values at the knee in the AP, ML, and VT directions were 7.0±1.6G (10.2 G), 5.6±1.2 G (8.3 G), and 5.0±1.8 G (8.5 G), respectively. In comparison with the shank and knee points, remarkably attenuated acceleration was observed at the lumber point, and the observed peak acceleration values in the AP, ML, and VT directions were 1.6±0.4 G (2.7 G), 1.5±0.5 G (2.6 G), and 1.9±0.4 G (2.5 G), respectively (Fig. 6) . Then, the differences in the measurement points on the body were observed to have a significant effect on the acceleration in each AP (p<0.01), ML (p<0.01), and VT (p<0.01) direction by Tukey's test. In addition, even in the same point of the body, differences in direction were observed to have a significant effect on acceleration at shank (p<0.01) and knee points (p<0.01) (Fig. 6 ).
Correlation analysis of the acceleration values among three portions along the body
In an attempt to evaluate the shock-absorptive function of the lower extremities, correlation analyses of the acceleration values among three points along the body were performed. In the correlation analyses of acceleration at each axis between the shank and knee across the knee joint, a weak correlation was found for the ML axis (r=0.56, P< 0.05) (Fig. 7B ), but no correlation was found for the AP axis (r=0.05, p=0.85) or the VT axis (r=0.16, p=0.50) (Fig. 7A and 7C ). On the other hand, in the correlation analyses of the acceleration at each axis between the knee and lumber across the hip joint, a significant correlation was observed for the VT axis (r=0.71 P< 0.01) (Fig. 7F ), but no correlation was found for either the AP axis (r=0.08, p=0.73) or the ML axis (r=0.19, p=0.43) (Fig. 7D and 7E ). Finally, in the correlation analyses of acceleration at each axis between the shank and lumber across the knee and hip joints, no significant correlation was revealed for the AP axis (r=0.22, p=0.36), the ML axis (r=0.03, p=0.91), or the VT axis (r=0.29, p=0.23) (Fig. 7G, 7H , and 7I).
Discussion
In this study, we identified the optimum sampling rate to measure the intensity of physical activity, including impact acceleration at 1k Hz. If a continuous-time function f(t) signal contains no frequencies higher than F Hz, the sampling theorem (Shannon, 1949) gives a lower bound frequency for the sampling frequency of 2F Hz, and, if a 2F or a higher frequency is used in the sampling process, perfect reconstruction can be assured by digital-analog reverse-transformation. In the present study, the average phase time of the impact acceleration signals from the baseline to the peak in the simulation experiment was 1.15ms. Then, to detect the impact acceleration signal containing a frequency of 435 Hz, at least 870 Hz of sampling frequency would be necessary for reconstruction. Thus, a sampling rate above 900 Hz was required for the accurate recording of an impact acceleration signal in our simulation experiment, and our results showed that a sampling rate of 1k Hz can achieve a measurement error below 2 % in the measurement of impact acceleration (Fig. 4) . For the subjects descending the stairs, the largest impact acceleration was found at the shank. In addition, the impact acceleration signal at the shank showed 3.1 ms of duration. Thus, a sampling frequency of at least 645 Hz is required when recording a subject's physical activity. In the drop-landing study, the increase in the landing-phase-time in response to the increase in velocity at landing was consistent with the increase in the flexion range of joints to attenuate the landing load (McNitt-Gray, 1993) . The result suggested that the bigger the landing load, the longer the duration of the load-absorbing time. Thus, to measure the acceleration when descending stairs, a higher sampling frequency may be required than when measuring droplanding by ground reaction forces, because the landing load by the foot striking the ground during descending stairs is lower than the landing load by the drop-landing. Incidentally, experimental studies on the ground reaction forces of drop-landing have used a wide range frequency of sampling frequencies, from 500 to 1k Hz, in data acquisition (Dufek and Bate, 1990; McNitt-Gray, 1993; Seegmiller and McCaw, 2003) . However, as far as we know, no convincing evidence based on specific sampling frequency has been shown. On the other hand, our results showed that sampling rates above 645 Hz are necessary for the recording of physical activity, including impact acceleration when descending stairs. Thus, we believe that 1k Hz is a sufficient sampling rate to record the accurate acceleration to weight-bearing bones, including the impact acceleration signals of collision of the heel to the ground due to exercise.
A n o t h e r g o a l o f t h i s s t u d y i s t o d e v e l o p a n accelerometer-based physical activity-monitoring system using an optimum sampling rate. Using our system with a 1k Hz sampling rate, we performed a preliminary study to assess the acceleration levels of the shank, knee, and lumber points while descending stairs. During locomotion or running, the feet striking the ground produce an impact force that causes a shock wave throughout the body from foot to head. The body relies upon several mechanisms to regulate shock wave transmission using bone cartilage, synovial fluids, soft tissues, joints kinematics, and muscular activity (Bhattacharya et al., 1980; Voloshin et al., 1981) . In the present study, regression analyses of the impact acceleration intensity in each direction were performed at the shank, knee, and lumber points to assess the transmission of impact acceleration through the knee and hip joints. If the transmission of impact acceleration through the joint is maintained, there must be statistically significant relationships among the acceleration values between the lower and the upper points of the joint. On the other hand, if no relationship among them is found, the implication would be that the impact acceleration was dissipated through the joint dynamics. In the case of locomotion when descending stairs, a statistically significant relationship of the impact acceleration between the shank and the knee was found in the ML direction (r = 0.56; p<0.05) (Fig. 7B) ; however, in other directions, there was no statistically significant relationship between them (Fig. 7A, 7C) . Similarly, a significant relationship of the impact acceleration between the knee and lumber was found in the VT direction (r = 0.71; p<0.01) (Fig. 7F) . On the other hand, no statistically significant relationship was observed between the shank and lumber in the VT direction (Fig. 7I) . These results indicate that impact acceleration in the AP and VT directions was attenuated between the shank and knee and impact acceleration in ML direction was absorbed between the knee and lumber. Thus, the impact acceleration produced by the foot striking the tread while descending stairs was thought to be attenuated through flexions of the knee and hip joints. In addition, our correlation analyses showed that, after the impact acceleration in the VT direction had been attenuated at the knee, a different kind of acceleration in the VT direction appeared at the lumber. Thereby, we believe that the additional acceleration in the VT direction at the lumber is not related to the impact acceleration produced by collision but, rather, to the shock-absorbing flexion of the knee and the hip joints. In other words, almost all impact acceleration in the AP, ML, and VT directions had been attenuated by the flexion of the knee and the hip joints, and the acceleration of longer duration due to the flexion of knee and hip joints seemed to be generated above the hip joint. These joint dynamics agree with other observations. An increased knee flexion at the moment of the foot striking the tread caused considerably improvement of the shock attenuation function of the body (Lafortune, et al., 1996) . In dropjumping, there was no statistically significant relationship between the peak compression strain of human tibia and the calculated drop-jump energy (Milgrom, et al. 2000) . In addition, McNitt-Gray (1993) noted that, when the landing was from increasing height, skilled athletes showed a significant increment of their knee flexion. The results of previous studies, together with those of the present study, indicate that the human body must use the shock-absorbing mechanisms of the joints dynamics of the lower extremities to regulate the loading level of the body-axis direction. Thus, the present study suggests that our activity-monitoring and analysis system with a high-sampling-rate recording of acceleration permits the detection of the shock-absorbing properties of the lower extremities accurately through regression analysis.
C o m m e r c i a l p r o d u c t s f o r t h e m a n u f a c t u r e o f accelerometer-based physical activity monitors have been designed for long-term (from days to several weeks) monitoring. Therefore, most commercial products measure only the vertical acceleration data at low sampling rates below 40 Hz (Pfeiffer et al., 2006; Davis et al., 2006; Baquet et al., 2007; Godfrey et al., 2007) . Furthermore, vertical acceleration data is classified into counts of acceleration larger than each reference level in each unit time. Therefore, we cannot record absolute value of acceleration and acceleration signal over 20 Hz with those commercial products. The main difference between the previous studies and the present study except for sampling rate was fixing point of the acceleration sensor in the body. The fixing points of the accelerometers in the present study included distal points, such as the knee and the shank, to which the impact acceleration of collision to the ground was directly transmitted. On the other hand, the acceleration sensors in previous studies were attached at the iliac crest (Pfeiffer et al., 2006; Davis et al., 2006; Davis and Fox, 2007) or the shoulder (Nyan, et al., 2006) . As reported above, the results of the present study suggest that the major dynamic acceleration distributed in the body above the hip joint is not caused by directly transmitted impact acceleration but, rather, by flexion of the joints of the legs to regulate the loading level of the body-axis direction. Therefore, the duration of the loading acceleration waveform of the body-axis direction above the hip joint is thought to be much longer than that of the impact acceleration waveform at the shank. In fact, the average loading duration observed for the acceleration signal in the body-axis direction at the lumber was 27.8 ms in this study. It is certain that the loading duration (27.8 ms) of the acceleration signal of the body-axis direction above from the hip joint is much longer than that (3.1ms) of the impact acceleration signal at the shank. However, if 1000/27.8 Hz is the highest frequency of the original acceleration signal at the lumber, the sampling theorem will require a lower-bound frequency of 72 Hz or more for accurate measurement. Thus, even in the case of a measurement in which the location of the acceleration sensor is limited to the point above the hip joint, the application of a sampling rate over 72 Hz would be desirable for accurate measurement.
We identified the optimum sampling rate as 1k Hz in analog to digital conversion to measure the intensity of acceleration to weight-bearing bones, including impact acceleration caused by the foot striking the ground during exercise. Using a high-sampling-rate acceleration system, we could measure the intensities of the acceleration at the distal (shank and knee) and proximal (lumber) weight-bearing bones in normal subjects descending stairs. Furthermore, the high-sampling-rate recording of acceleration during locomotion when descending stairs permitted to detect the shock-absorbing properties of the lower extremities through regression analysis. Plans are underway to measure the acceleration of weight-bearing bones during some kinds of exercise and determine the optimum exercise and acceleration intensity for positive effects on the bone metabolism with the use of our optimum sampling rate acceleration monitoring system.
